I NCREASE in chamber volume (and therefore increase in wall surface area) is an appropriate adaptation to an increased volume load.' Conversely, a small thick-walled chamber is better suited to deal with a pressure load.2-4 That the human heart so adapts itself to chronic volume and chronic pressure loads is evident from clinical experience and postmortem studies. However, actual measurements of chamber volume under these conditions are lacking. Detailed study of the adaptation to increased stress requires knowledge of chamber volumes during the different phases of the cardiac cycle and such measurements cannot be obtained post mortem Material and Methods A total of 50 patients were studied at the time of diagnostic cardiac catheterization.
Group 1 comprised nine patients in whom no evidence of cardiac abnormality was found on complete right and left heart catheterization.
Group 2 comprised nine patients with lesions causing pressure overload of the right ventricle of mild to moderate degree with no demonstrable abnormality of the left heart.* Group 3 comprised 12 patients with lesions causing only pressure overload of the left ventricle (aortic stenosis or coarctation) and group 4 comprised 20 patients with lesions causing only volume overload of the left ventricle (group 4a, patent ductus arteriosus, 11 patients; or group 4b, congenital mitral insufficiency, nine patients t) (tables 1, 2, and 3). Subjects in group 1 generally had been referred for study because they had minimal murmurs suggestive of either valvular stenosis or small left-to-right shunt. In the former case, measurement of pressures revealed no gradient. In the latter, no shunt was detected either by selective sampling of dye in the central circulation 9 or by angiocardiography. For group 2 cases there was no evidence of abnormality of the left heart. While an enlarged right ventricle may have dis-MILLER, SWAN For patients in groups 1, 2, and 3 who had no intracardiac shunt or valvular insufficiency, the left ventricular stroke volume is forward flow. Data from these three groups were used to determine the relation between stroke volume determined angiocardiographically and by indicator dilution. Since there was no evidence of abnormality of the left heart in patients in groups 1 and 2, data from these groups were used to establish normal values for left heart volumes.
Indicator-dilution curves were recorded 1 to 3 minutes before angiocardiography; indocyanine green* was injected through the same catheter and into the same chamber as used for the injection of contrast medium during angiocardiography. Cardiac output was calculated from these curves according to the method of Hamilton 10 and the value obtained divided by the heart rate during inscription of the curve to give average stroke volume (VS) under anesthesia immediately before angiocardliography. Selective angiocardiography was performed with the piatient in the supine position under light anesthesia (nitrous oxide and oxygen). Halothane in concentrations of less than 1 per cent had been used for brief periods in some cases. In all cases, 100 per cent oxygen was administered for at least 60 seconds prior to angiocardiography. Contrast medium t was injected into the left ventricle in 25 cases, the pulmonary artery in 15 cases, and the outflow portion of the right PRESSURE AND VOLUME OVERLOAD ventricle in 10 cases. The left ventricle was entered by passing the catheter retrograde through the aortic valve. Simultaneous anteroposterior and lateral exposures were made at a rate of six per second during left heart opacification using a roll film or cut film changer.* Simultaneous recording of the arterial pressure, electrocardiogram, and time of x-ray exposure permitted correlation of the radiographic appearances with the events of the cardiac cycle. Measurements of angiocardiograms were made as indicated in figure 1 heart volume and body surface area. The relationship between volume and body weight was found to be no better than the relationship to surface area.
The results reported here show that, for all subjects studied, as left ventricular stroke volume increases in response to a chronic volume overload there is an increase in both end-diastolic and end-systolic volume so that stroke volume remains a constant fraction of end-diastolic volume. This is similar to the findings of Sarnoff and co-workers 21 who studied the response of the canine heart to an acute increase in stroke volume and found that the resulting increase in work was accomCirculation, Volume XXX, August 1964 plished from an increased end-diastolic myocardial segment length. They also showed that, when work was increased acutely by increasing aortic pressure while keeping stroke volume constant, there was a slight decrease in end-diastolic segment length; since more external work was being performed from a smaller end-diastolic fiber length, an increase in myocardial contractility had occurred. Similar conclusions can be drawn from the data reported here for the cases of chronic pressure overload. Thus, for the same stroke volume, subjects with pressure overload had the same end-diastolic and end-systolic volumes as normal subjects and as subjects Relationship If, under the circumstances of this study, the degree of myocardial fiber shortening is constant irrespective of the initial fiber length, the constant relationship between end-diastolic volume and end-systolic volume reported here would hold. A limited degree of fiber shortening implies that an increase in stroke volume can only be achieved from an increased end-diastolic volume; the resulting ventricular dilation permits an increase in stroke volume for a given degree of shortening at the expense, however, of increased ventricular wall tension and stress. 22' 23 That this relationship between end-diastolic and end-systolic volume is not dependent on the relatively young age of the patients is suggested by the inclusion of a 58-year-old woman with a patent ductus arteriosus (case 38). However, in certain patients with acquired heart disease, there is a disproportionate increase in end-systolic volume so that the total stroke volume forms a smaller fraction of end-diastolic than normal. We have encountered this situation among those patients in whom myocardial function may be depressed due to coronary and intrinsic myocardial disease (case 29).
Although atrial volumes were increased for most cases in group 4, no exact relationship exists between the volume load and atrial dimensions; for the patients in groups 1 and 2, atrial volume change was always less than left ventricular and stroke volumes. These findings are consistent with the view that the atrium is never a closed chamber but acts as a conduit for much of the cardiac cycle. The marked increase in left atrial volumes in patients with mitral insufficiency presumably results from the increased pressure during atrial diastole, a different situation from systolic pressure load on the left ventricle which did not result in chamber dilation. PRESSURE AND VOLUME OVERLOAD the nonfailing heart under a chronic volume load, as stroke volume increases there is a proportionate increase in end-diastolic volume and end-systolic volume so that end-systolic volume, and therefore stroke volume, remains a constant fraction of the end-diastolic volume. In response to a chronic pressure load, enddiastolic volume continues to bear the same relationship to end-systolic volume and stroke volume as in normal subjects and in subjects with a volume overload. Since the stroke volume is normal, the extra work imposed by the pressure load is performed from a normal end-diastolic volume. For all groups it thus appears that the end-diastolic volume of the nonfailing ventricle is related to the total volume load and may be relatively independent of the pressure load.
Summary
Left heart volumes were determined angiographically in 50 subjects of whom 18 had no abnormality of the left heart, 12 had lesions causing pressure overload of the left ventricle, and 20 had lesions causing volume overload of the left ventricle. The left heart volumes were in the normal range in the presence of pressure overload, but, with volume overload, end-diastolic, end-systolic, and atrial volumes were in excess of normal. A linear relationship was demonstrated between end-diastolic and end-systolic volumes, regardless of the pressure load on the ventricle. Thus, for all but one of the cases studied, total left ventricular ejection volume formed a nearly constant proportion of end-diastolic volume.
